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Amoxicillin was studied in normal subjects after intravenous, oral, and intra-
muscular administration of 250-, 500-, and 1,000-mg doses. Serum drug levels
were analyzed using a two-compartment open model, as well as area under the
curve (AUC) and urinary recovery. The variations of these pharmacokinetic
parameters were then examined using the three-way analysis of variance and
linear regression equations. These results confirmed nearly complete oral ab-
sorption: AUC was 93% of intravenous absorption, and urinary recovery was
86%. The intramuscular administration of amoxicillin results in complete and
reliable absorption with peak drug levels, AUCs, and urinary recovery equiva-
lent to oral dosage. The absorption of lyophilized amoxicillin after intramuscular
injection resulted in an AUC that was 92% of intravenous absorption and
urinary recovery of 91%. The peak serum levels, time to peak, and other
pharmacokinetic parameters for intramuscular injection were nearly identical
to those for oral administration. Kinetics of both intramuscular and oral admin-
istration exhibited dose-dependent absorption (absorption rate constant, 1.3/h
for 250 mg and 0.7/h for 1,000 mg). This resulted in relatively later and lower
peak serum levels for increasing dose. Total absorption, however, showed no
dose dependence, as indicated by urinary recovery and AUC, which changed by

less than 10%.

Amoxicillin (alpha-amino-p-hydroxybenzyl
penicillin) is a new semisynthetic penicillin,
similar in structure and spectrum of activity to
ampicillin (14, 29). Amoxicillin produces higher
serum levels than ampicillin with similar ab-
sorption and excretion kinetics (10, 21). We re-
port a pharmacokinetic comparison of serum
levels and urinary excretion data for amoxicil-
lin administered by mouth (p.o.), intramuscu-
larly (i.m.), and intravenously (i.v.), for three
doses in in normal volunteers.

Abbreviations used in this report include the fol-
lowing: ANOVA, analysis of variance; RMS, root
mean square; SEM, standard error of the mean;
AUC, area under the curve (hours X micrograms
per milliliter); alpha, slope of log concentration-
early (distribution) phase, per hour; beta, slope of
log concentration-late (elimination) phase per hour;
V., volume of central (plasma) compartment, liters
per kilogram; V,, volume of peripheral (tissue) com-
partment, liters per kilogram; V,, total volume of
distribution (central+tissue), liters per kilogram;
K, transfer rate constant (central to peripheral),
per hour; K,,, transfer rate constant (peripheral to
central), per hour; K, , absorption rate constant, per
hour; K., elimination rate constant, per hour; Do,
dose of drug (milligrams); f, fraction of the drug
absorbed.
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A group of eight subjects was given amoxicil-
lin i.v. in doses of 250, 500, and 1,000 mg and
then subsequently received the same doses p.o.
In this group, distribution and excretion were
characterized using a two-compartment linear
model. A second group of 24 subjects, separate
from the above group, was given 250-, 500-, and
1,000-mg doses p.o. and also given the same
doses via i.m. injection. The administration of
three doses permitted the evaluation of a dose
effect on drug absorption, distribution, and ex-
cretion.

MATERIALS AND METHODS

Description of subjects. Subjects were healthy
adult male volunteers ranging in age from 18 to 32,
and in weight from 57 to 98 kg. They were selected
on the basis of a complete medical history to exclude
those having a history of hematological, hepatic, or
renal disease, and those with a history of allergic
sensitivity to penicillins. A complete blood count,
urinalysis, artd blood chemistry screen (including
levels of total protein, albumin, calcium, inorganic
phosphorus, cholestrol, glucose, blood urea nitro-
gen, uric acid, total bilirubin, alkaline phosphatase,
serum glutamic oxalacetic transaminase, serum
glutamic pyruvic transaminase, and lactic dehydro-
genase) were performed on all subjects before start-
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ing the study and repeated at the end of each day on
which the drug was administered. Previously
screened alternate subjects replaced the few who
dropped out during the study.

Administration of amoxicillin. (Drugs were pro-
vided by Beecham Laboratories, Bristol, Tenn.)

Eight subjects participated in each of three cross-
overs, i.v. versus p.o., studies at dosages of 250, 500,
and 1,000 mg of sodium amoxicillin. A 1-week wash-
out period was observed between each dosage
change, necessitating nearly 6 weeks of involve-
ment. Half the subjects randomly received amoxicil-
lin i.v., whereas the other half received the same
dose of the drug p.o.; after a week interval, the
routes of administration were crossed over. This was
sequentially done through 250-, 500-, and 1,000-mg
dosages, so that each subject received all three doses
both i.v. and p.o. When administered i.v., amoxicil-
lin was given as a 10-s bolus, and blood samples
were drawn beforehand (at zero time) and at 1, 2, 5,
10, 15, 20, 25, 30, 45, 60, 75, and 90 min and 2, 2.5, 3,
4, and 6 h after dosing. From those receiving amoxi-
cillin p.o., blood was drawn at zero time, and at 20,
40, 60, and 90 min and 2, 4, and 6 h after ingestion.
Urine was collected over intervals of 0 to 1, 1 to 2, 2
to3,3to4,and 4 to 6 h.

In the i.m. versus p.o. study 24 volunteers partici-
pated. The same general procedures and crossover
design as the i.v. versus p.o. study were followed,
i.e., each subject received all three doses both i.m.
and p.o. The dosages of amoxicillin were 250, 500,
and 1,000 mg. (Lyophilized sodium amoxicillin was
provided for i.m. injection.) Blood samples were
taken immediately before (at zero time) and at 20,
40, 60, and 90 min and at 2, 4, 6, and 8 h after dosing.
Urine was collected over intervalsof 0to4 and 4 to 8
h

Bioassay. Blood was collected in evacuated glass
tubes without anticoagulant, and serum was ob-
tained by centrifugation. All samples were stored in
duplicate and deep frozen until assayed. The amoxi-
cillin content of the serum and urine samples was
determined by a large plate (13 by 16 inches [33 by
40 cm]) cup assay method using Bacillus subtilis
(ATCC 6633) as the assay microorganism. As de-
scribed elsewhere (3), the sensitivity of this assay is
0.5 pg/ml, and the precision is +5%. Complete
standard curves were prepared for each assay using
human serum or urine as appropriate; five samples
were assayed per each plate (3).

Data handling. Data for each subject were en-
tered via computer terminal and stored directly on
disk files. Verification of these master data files was
achieved by having a second person enter the data
and the computer check for discrepancies. Thereaf-
ter, data were manipulated only by pharmacoki-
netic and statistical programs. Appropriate data
files were constructed for each group of subjects at
various stages in the analysis as described below.
All programs were generalized (as to number of
subjects, number of observations, number of param-
eters, etc.), and subsequent analysis required a min-
imum number of programs and virtually no operator
intervention.

Nonparametric analysis. Nonparametric (model-
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independent) evaluation of the kinetic data was
completed for each subject as an initial step. This
included a regression analysis of log of concentra-
tion versus time for the following: (i) elimination
rate constant from last three data points; (ii) distri-
bution rate constant by exponential peeling (i.v.
data); (iii) peak and time to peak from quadratic
function fit to three highest drug levels (i.m. or p.o.
data); and (iv) absorption delay and rate constant,
derived using the method of Wagner and Nelson (30)
(i.m. or p.o. data).

AUC was computed using the trapezoid approxi-
mation. Correction for the area after the last blood
sample was based on the elimination rate constant
[as mentioned in (i) abovel. An individual plot for
each administration trial, along with a summary of
derived data, was plotted for each subject (Fig. 1 and
Table 1).

Two-compartment linear model. The data were
then examined using a two-compartment linear
model that has been shown to adequately describe
the course of many drugs in humans (24). All ab-
sorption and elimination takes place through the
central compartment and thus, the absorption rate
constant (K,) and elimination rate constant (K.) of
the drug are characterized as processes involving
the central compartment. The parameters K,, and
K, represent the rate constants of drug transfer
between the central and peripheral compartments
as summarized in Fig. 2.

General solutions for the two-compartment model
have been detailed by Bischoff and Dedrick (4) and
recently presented in the clinical context (11, 12).
The solution for drug level in the central compart-
ment (C,) can be written as an exponential equation
(Fig. 3).

Experience has shown that the absorption of tab-
lets administered p.o. can usually be well described
as a simple first-order, i.e., exponential, process
with a time delay (18). The solution equation for
central compartment concentration then becomes as
shown in Fig. 4.
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Fic. 1. Sample computer-generated plot for non-
parametric analysis. In this step, drug level data is
examined without model assumptions. The best (in a
least-squares sense) exponentials are fit for absorp-
tion and excretion, a quadratic is fit to the middle
data to localize peak and time to peak, and area is
computed using the trapezoid rule. Bars (T ) repre-
sent observed data. Accompanying printout is con-
tained in Table 1.
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TABLE 1. Sample of nonparametric analysis. Computer printout of observed data and derived, model-free
measures for subject 1 following oral administration of 250 mg of amoxicillin (accompanies Fig. 1)

Subject No. 1

Weight = 97.73 kg

OBSERVED DATA

Sample Times
(min)
20
40
60
90
120
240
360

Urinary Recovery = 130.6 mg at 6 h, = 52% of dose

Observed Serum Levels
(pgfml)
<0.5
1.7

Sommn
N OTOrCo N

EXPONENTIAL FIT FOR ABSORPTION PHASE

Absorption Delay® = 0.33 h
Absorption Rate Constant = 1.57/h,

Half Time = 0.44 h

QUADRATIC FIT FOR PEAK

Time to Peak = 1.50 h,  Peak = 2.84 ug/ml

EXPONENTIAL FIT FOR EXCRETION PHASE, Last 3 Points

Excretion Rate Constant = 0.58/h,

Area Under the Curve’ (hxu/ml)-0to6h = 7.5
>6h = 0.4°

Total =179

Percent excreted in the Urine-0 to 6 h = 52.3
>6 h = 2.6°

Total = 54.9

Half Time = 1.20 h

¢ Time after administration when absorption process appears to begin.

® AUC computed using trapezoid approximation.

¢ Corrections based on extrapolation beyond 6 h using the above computed half-time (1.2 h).

Least-squares fitting. Given the above assump-
tions on model form and the generalized solutions it
only remains to find the parametersK,, K., K ;,, and
K, to fit the observed data for each subject. The
starting values for these parameters are obtained
from the previously described nonparametric analy-
sis. For example, first approximations to alpha and
beta were provided, respectively, by the distribution
and elimination rate constants as previously de-
fined. In the case of i.v. data, a parameter space
gradient technique is used to find A, B, alpha, and
beta, such that the difference between observed and
model drug levels is minimized. This program itera-
tively minimizes the sum of the squares of distance
between observed drug levels and model solution
values until the best fit is achieved (27) (Table 2 and
Fig. 5).

Individual plots of this type are produced for each
subject and examined at this point. Subjective ex-
amination is important in the overall pharmacoki-
netic analysis. Levy and Hollister have demon-
strated that a model which fits averaged data is not
necessarily qualitatively or quantitatively best for
drug levels from individual subjects (18). We agree
and report only parameter averages after kinetic
analysis of each subject.

Statistical analysis. Using the methods outlined,
the serum level for each subject in each trial is
described in terms of four or more model parame-
ters. A quantitative estimate of the importance of
dosage level, route of administration, and intrasub-
ject variation is obtained through the use of ANOVA
(5). In the bioavailability study of i.m. amoxicillin,
the principle concern was in the demonstration of
equivalent or better availability for the i.m. route;
thus, a three-way ANOVA (dose X subject x route)
was employed. When a significant effect of dosage
on a model parameter has been demonstrated by
ANOVA, then this “dose effect” can be described
and analyzed by means of regression analysis (9).
That is, if the percentage absorbed were found to
change significantly as a function of dosage admin-
istered, then the least-squares linear regression of
K, on dose or log dose is relevant. Since the reliabil-
ity, i.e., repeatability of absorption, after i.m. ad-
ministration was of interest, Bartlet’s test for homo-
geneity of variance was applied to the model param-
eters (26).

The common use of reporting “significant” results
as those achieving P < 0.05 or even P < 0.01 dates
from the precomputer era when tables were neces-
sary to arrive at the P value for a given F ratio. A
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PERIPHERAL COMPARTMENT

V2 - volume

C2 - tissue

concentration

Ki2

K21

GUT or IM SITE

Ka

Co
absorption

CENTRAL COMPARTMENT

Vi = volume

Ci = serum

Ke 3

elimination
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F1c. 2. Schematic of two-compartment linear pharmacokinetic model. Absorption and elimination are
restricted to the central compartment, which is usually considered to represent serum and highly perfused
tissue. The peripheral compartment is associated with less well perfused tissue, and thus acts somewhat like a
depot for the drug. Each K represents a rate constant of drug transfer and has units of liters per hour. The
addition of a third compartment representing the gut (if oral) or injection site (if parenteral) permits

description of p.o. or i.m. administration.

Cit)= Ae™®' + Be™#"

Where
A Do (K21-<)
Vi (8-9)
_ Do (K21-8)
Vi («-4)
@z % (b ++/b?-4K21Ke)
& =% (b-vbZ-4K21Ke)

b= K12 +K21+Ke

F1G. 3. Exponential equation for solution for drug
level in the central compartment (C,).

few lines of coding in BASIC or FORTRAN are all
that is necessary to compute P values (1). In this
report, computed P values are used wherever hy-
pothesis testing is involved.

RESULTS

Intravenous dosage. The results of analysis
for the drug levels following i.v. administration

Cit)=-(P+Q)e™™ +Pe*"+Qe ™"
Where

_ KafbDo (=-Kai)
Vi (@-4)  (Ka-«)
_KafDo (K21-4)
Q= v (a-2)  (Ka-=#)

F1c. 4. First-order equation describing absorp-
tion of tablets given p.o.

are summarized in Table 3. This includes the
parameter means for each of the five rate con-
stants, clearance in liters per kilogram per
hour, the volume distribution for the central
compartment, and the total volume distribu-
tion. The means are given for the individual
250-, 500-, and 1,000-mg dosages and finally,
the overall average across all doses for total
trial observations with the standard deviation
and SEM are reported. The urinary recovery is
reported as percentage of administered dose.

Analysis of variance for this data (Table 3)
revealed no significant intrasubject variation,
and only clearance exhibited statistically sig-
nificant dose effect, though neither K, nor V,
showed significant dose effect (clearance = K,
x V.

The averaged parameters (K,,, K3;, K, and
V,) were then used in subsequent pharmacoki-
netic analysis for i.m. and p.o. administration.
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TABLE 2. Sample of two-compartment model analysis. Computer printout of observed levels, predicted levels,
and derived model parameters for subject 21 following i.m. administration of 500 mg of amoxicillin
(accompanies Fig. 5)

SPYKER ET AL. ANTIMICROB. AGENTS CHEMOTHER.

Subject No. 21
Weight = 81.8 kg
OBSERVED DATA
Sample Times Observed Serum Levels Predicted Serum Levels?
(min) (ug/ml) (ug/ml)
20 8.09 7.72
40 8.80 8.61
60 6.91 7.25
90 5.711 5.18
120 5.18 3.67
240 0.97 0.93
360 <0.50 0.24
Giving weighted RMS error of 0.64 ug/ml
MODEL PARAMETERS®

Absorption Delay = 0.94 h, Fraction Absorbed = 1.00
Absorption Rate Constant = 2.00/h, Half Time = 0.35 h
Excretion Rate Constant® = 1.98/h, K12,c K21°¢ = 1.77, 1.91/h

MEASURES BASED ON MODEL
Peak Drug Level = 8.81 ug/ml, Time to Peak = 0.54 h
Area under the curve = 17.3 hx ug/ml, versus 17.3 for i.v.

2 Based on model parameters given below.
® Chosen to best fit (minimize RMS error) the observed data.
¢ These parameters are based on the i.v. study.

TABLE 3. Parameters derived using two-compartment model-i.v. administration. Means for each dose and
overall means, standard deviations, and SEMs

Distribution Elimination Volumes
Dol v 7 U";‘;‘;',?ry“
se (mg) Alpha K, K. Beta K, Clearance .. ' L4
b (h B diterakgh Ultoss/ (ifoes/ (% dowe)

250 5.90 3.05 2.76 2.55 2.65 0.32 0.17 0.29 55.8

500 4.04 1.43 1.64 0.72 1.68 0.32 0.22 0.46 60.0

1000 2.72 0.70 1.22 0.79 1.56 0.34 0.22 0.49 50.9

Across all doses for 20 trial observations

Means 4.30 1.77 1.91 1.37 1.98 0.32 0.20 0.41 56.4

Standard deviation 4.00 2.27 1.12 2.50 1.20 0.08 0.08 0.18 26.9

SEM 0.90 0.51 0.25 0.56 0.27 0.02 0.02 0.04 6.5
10 — Bioavailability of i.v. injections. A separate
Leoer sqvares modl i or group of 24 subjects received amoxicillin by i.m.
two compartment open model and p.o. routes. Distribution kinetics are as-
] Aus Errors /5 (Errorty sumed to be those determined in the i.v. study
& (preceding section). Table 4 shows the results of
L y the i.m. administration for each of the three
z. dosages studied, as well as the overall means.
. Peak and area values are corrected for 70-kg
g body weight and 1,000-mg dose to facilitate
? comparison among doses (i.e., data for 250-mg
% “0 w0 dose are multiplied by 4; data for 500-mg dose

are multiplied by 2).
The results of analysis of variance and least-

TIME after single 500 mg dose (hours)

Fi1c. 5. Sample plot for two-compartment model

fit. Model parameters (rate constants and volumes)
are chosen to best match (with minimum RMS error)
the observed drug levels. Accompanying printout is
contained in Table 2.

squares regression for i.m. administration,
dose effect, subject effect, and regression are
included in Table 4. Table 5 presents the equiv-
alent data for p.o. dosage in the same subjects.
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TABLE 4. Analysis of parameters derived using two-compartment model-i.m. administration. Means for
each dose, overall means, standard deviations, analysis of variance for dose and subjects, and linear
regression for dose

Absorption Peak Area Urinary
Dose (mg) Dela: . . R recovery
y K, . Concn im. : im./iv.
®  w Tm® gm)  hepgmy W T R
250 0.15 1.43 0.89 15.4 38.4 40.5 94.8 53.4
500 0.21 0.77 1.28 10.9 38.7 40.5 95.6 48.7
1,000 0.21 0.76 1.33 9.7 34.5 40.5 85.2 51.6
Across all doses for 72 trial observations
Mean 0.19 0.98 1.16 12.0 371 40.5 91.7 51.3
Standard deviation 0.10 0.69 0.51 5.5 4.3 0.0 10.5 15.4
Two-way analysis of variance —subjects versus dose levels
Dose®
F= 4.54 14.4 12.2 14.3 13.9 0.0 13.9
P= 0.0160 0.00007 0.00017 0.00007 .00008 1.00 0.00008
Subjects
F= 3.25 2.40 3.74 2.87 3.26 0.00 3.26
P= 0.00055 0.00618 0.00017 0.00149 0.00053 1.00 0.00053
Least-squares linear regression (for log dose)
Intercept* —0.066 4.06 —0.796 37.2 51.9 40.5 128
Slope* 0.097 -1.14 0.731 -9.35 -5.43 0.000 -13.4
F= 4.06 15.4 10.8 16.0 9.61 1.85 9.61
P= 0.0451 0.00042 0.00197 0.00035 0.00315 0.175 0.00315

@ F ratio and corresponding P value for main effect of dose, 3 and 45 degrees of freedom.
® F ratio for main effect of subjects, 24 and 45 degrees of freedom.
< Intercept and slope of the regression line for each parameter versus log of dose.

TABLE 5. Analysis of parameters derived using two-compartment model—p.o. administration. Means for
each dose, overall means, standard deviations, analysis of variance for dose and subjects, and linear

regression for dose
Absorption Peak Area Urinary
Dose '(mg) Delay K, Time Concn p.o. iv p.o./i.v. ::(Z;?)'
® W ®  (ugmd  Gpgmd M @
250 0.36 1.23 1.07 14.8 39.3 40.4 97.0 49.0
500 0.31 0.90 1.21 11.8 37.6 40.5 93.0 49.5
1,000 0.37 0.66 1.46 9.5 36.2 40.5 89.4 47.2
Across all doses for 71 trial observations
Mean 0.35 0.93 1.25 12.0 37.7 40.5 93.1 48.5
Standard deviation 0.14 0.49 0.41 4.3 4.1 0.0 10.2 15.1
Two-way analysis of variance — subjects versus dose levels
Dose
F= 1.11 13.8 8.5 18.9 3.38 0.00 3.37
P = 0.338 0.00009 0.0011 0.00001 0.0428 1.000 0.0428
Subjeets
F= 0.96 2.13 2.21 2.83 1.78 0.00 1.78
P= 0.528 0.0154 0.0118 0.00179 0.0495 1.000 0.0495
Least-squares linear regression (for log dose)
Intercept 0.336 3.42 -0.397 34.8 49.4 40.5 122
Slope 0.001 -0.92 0.606 —8.43 —4.28 0.000 —10.6
F= 0.000 19.7 11.5 22.9 5.32 1.76 5.32
P= 0.982 0.00013 0.00154 0.00006 0.0228 0.186 0.0228
The statistical comparison of i.m. versus p.o. From these results, it can be seen that the

kinetics is accomplished via three-way ANOVA  delay is slightly greater (P = 0.0001), 0.347 h
(subject X dose X route) and Bartlet’s test of  (p.o.) versus 0.192 h (i.m.), although the time to
homogeneity of variance (Table 6). peak concentration is not statistically different
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(P = 0.189). The concentration peak is identi-
cal, 12.0 ug/ml, for each. The area under the
curve is essentially identical (P = 0.296): for
the p.o. route, 37.7 h- ug/ml versus 37.1 h- ug/
ml for i.m. Examination for homogeneity of
variances shows that the standard deviation of
delay is larger for p.o. (0.139 versus 0.104 h).
For K, and peak, i.m. shows more spread, but
for the time to peak and area there is no statis-
tical difference. Based on the above results, it is
concluded that the i.m. preparation provides
equivalent Ybioavailability and, moreover, is
more rapidly available.

DISCUSSION

Comparison with other intravenous studies.
The kinetics of amoxicillin after i.v. adminis-
tration of 250 mg over 33-min infusion in two
subjects with four replications has been pre-
sented by Zarowny et al. (32). They reported
distribution constants (K,,, K,,, K.) and vol-
umes (V, and V,) as summarized in Table 7.

ANTIMICROB. AGENTS CHEMOTHER.

Within the dosage range studied, a two-com-
partment linear model does provide a useful
description of the distribution and excretion of
amoxicillin.

Comparison with other oral studies. Pre-
vious studies comparing amoxicillin with ampi-
cillin and/or epicillin have shown that amoxi-
cillin gives higher peak serum concentrations
after p.o. doses (6, 7, 10, 21, 23). These results
are collected in Table 8 and show reasonable
agreement, among the seven studies, in peak
levels after p.o. administration. AUC is proba-
bly the best single bioavailability parameter.
This study found a 93% ratio of p.o. toi.v. AUC
as compared with 89% by Zarowny (32). Uri-
nary recovery data provides a useful, separate
bioavailability parameter. (Urinary recovery is
independent of serum levels or pharmacoki-
netic models.) We found about 50% recovery,
compared with other reports of 60%. This may
relate to sensitivity of other assay techniques to
metabolites that cannot be measured in our
method.

TABLE 6. Three-way analysis of variance (subject X dose X route). Analysis for i.m. versus p.o. and test for
homogeneity of variance

Absorption Peak Area
Delay K, . Concn i.m. or p.o. Ratio
(h) () Time ®  (ugml) (b ugmh Y @)
Dose
F= 0.8 23.1 14.8 . 25.7 13.4 0.0 13.4
P = 0.550 0.00000 0.00002 0.00000 0.00004 1.000 0.00004
Subjects
= 14 2.7 3.0 2.9 2.1 0.0 2.1
P = 0.145 0.00053 0.00014 0.00020 0.00669 1.000 0.00669
Route
F = 58.9 0.5 1.7 0.02 1.1 00 1.1
P = 0.00000 0.506 0.189 0.893 0.296 1.000 0.296
Bartlet’s test of homogeneity of variance
Route
Chi-square® 5.82 7.87 2.88 4.71 0.12 0.00 0.12
P = 0.0153 0.00532 0.0861 0.0284 0.733 0.0000 0.733

2 Represents a measure of the differences in the observed variation (standard deviation) of each parame-

ter.

® P value for the chi-square, 1 degree of freedom. Small value infers a statistical difference in variability

of that parameter.

TABLE 7. Pharmacokinetic studies of amoxicillin-i.v. route

Parameters from i.v. administration

Source K, K, K, Clearance v, \'A
(/h) (/h) (/h) (liters/kg/h) (liters/kg) (liters/kg)
Zarowny (32) 1.29 1.94 1.43 0.245 0.187 0.282
This study 1.77 1.91 1.98 0.324 0.199 0.410
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TABLE 8. Pharmacokinetic studies of amoxicillin —p.o. route
Parameters from p.o. administration
Source Dose Peak serum level AUC Urinary recovery
(mg) (ug/mD (h- pg/ml) % of i.v. %)
Neu (21) 250 5.2 58.0
Zarowny (32) 250 3.5 9.2 89
This study 250 3.8 9.8 97 49.0
Neu (21) 500 7.6 75.2
Croydon (7) 500 10.8
Gorden (10) 500 7.6 60.0
Philipson (23) 500 6.2 56.8
This study 500 5.9 18.8 93 49.5
This study 1,000 10.2 36.2 89 47.2

Bioavailability after i.m. administration.
The i.m. administration of several drugs, most
notably diphenylhydantoin (25, 31) and benzo-
diazepines (2, 13), demonstrates unreliable ab-
sorption and resulting unpredictable serum lev-
els. The spectrum and clinical efficacy of p.o.
amoxicillin (8, 14-17, 19, 20, 22, 28) have been
reasonably well established. If amoxicillin is to
provide a complete therapeutic alternative to
ampicillin, then demonstration of complete and
reliable absorption after i.m. administration is
important. In this study the mean AUC, delay,
peak, and time to peak are compared in Table
9. Both i.m. and p.o. exhibit intrasubject effects
in all parameters except delay in p.o. (Tables 4
and 5). Not only were the mean values similar
for i.m. versus p.o., but the amount of scatter
for the two preparations was similar, as sum-
marized in Table 6.

Probably the best evidence for completeness
of absorption after p.o. and i.m. administration
is the similarity in urinary recovery. The aver-
ages across all trials were 56% for i.v., 51% for
i.m., and 49% for p.o. There was no statistical
difference between i.v. and i.m., or i.m. and

p.o.

The drug administered i.m. was sodium
amoxicillin prepared by lyophilization, an early
formulation that has been superceded by a
preparation that is obtained by precipitation.
Though kinetics of the precipitated drug are
still being studied, preliminary results suggest
that higher peak serum concentrations are
reached than with the lyophilized preparation.

Dose dependence. A statistically significant
dose effect in most parameters for both routes
was also apparent. After i.m. injection, the
1,000-mg dose resulted in proportionately lower
peak serum levels and AUCs (Table 4). This
reduction is expressed by the regression equa-
tion. For example, the peak serum level ex-
pected is given by the slope and intercept (Ta-
ble 4), viz.: peak concentration = 37.17 —

TABLE 9. Summary comparison of i.m. versus p.o.

administration. Values are means +1.0 standard

deviation, averaged across all trials, corrected for
1000-mg dose in 70-kg man

Route of administration

Parameter
im. p.o.

AUC (h- pg/ml) 37.1 + 4.2 37.7 + 4.1
Delay to absorp-  0.192 + 0.104 0.347 + 0.139

tion (h)
Peak serum level 12.0 + 5.5 12.0 + 4.3

(ug/ml)
Time to peak (h) 1.16 + 0.51 1.25 + 0.41

9.348-log (dose) (in units of ug/ml per 70 kg
per 1,000 mg).

Very similar results occur in these subjects
after p.o. dosage. The peak concentration oc-
curs only slightly later than in i.m. (1.25 versus
1.16 h), and the concentration itself falls from
14.8 ug/ml for the 250-mg p.o. dose to 9.54 ug/
ml for the 1,000-mg p.o. dose (Table 4). This is
largely explained by the reduction in rate of
absorption (1.23/h for 250 mg to 0.66/h for 1,000
mg p.o.). Area ratios (p.o.:i.v.) also are re-
duced, though proportionately much less, from
95 to 85%. These effects, although statistically
significant (P = 0.00008) in this study, are
probably not clinically significant, since aver-
age absorption is still approximately 90% by
either route. Figure 6 shows comparison of
AUC and delay by dose for i.m. and p.o. admin-
istration. As exhibited in Table 6, the only
parameter that shows a statistical difference in
route is delay, although the time of peak serum
levels shows no difference. Figure 7 shows plots
of average serum levels for i.v., p.o., and i.m.
administration.

Thus, amoxicillin does indeed appear to be
rapidly and reliably absorbed after i.m. admin-
istration, producing equivalent serum levels,
and should prove therapeutically bioequivalent
to p.o. amoxicillin or i.m. ampicillin.
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Fi1c. 6. Comparison of bioavailability of i.m. and p.o. amoxicillin by dose. Bars indicate the average for all
subjects after normalizing to 70-kg body weight and 1,000-mg dose. Double bars (LJ) span +1.0 SEM for the
estimate. Thus, nonoverlapping between two parameters indicates that the parameters are statistically
different at the P = 0.05 level. Single bar (I) is —1.96 SEM. If this bar does not reach the base line, then that
parameter is statistically nonzero at the P = 0.05 level.
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